Negative linear compressibility (NLC) is still considered an exotic property, only observed in a few obscure crystals. The vast majority of materials compress axially in all directions when loaded in hydrostatic compression. However a few materials have been observed which expand in one or two directions under hydrostatic compression. At present, the list of materials demonstrating this unusual behaviour is confined to a small number of relatively rare crystal phases, biological materials and designed structures, and the lack of widespread availability hinders promising technological applications. Using improved representations of elastic properties, this study revisits existing databases of elastic constants and identifies several crystals missed by previous reviews. More importantly, several common materials -drawn polymers, certain types of paper and wood, and carbon fibre laminates-are found to display NLC. We show that NLC in these materials originates from the misalignment of polymers/fibres. Using a beam model we propose that maximum NLC is obtained for misalignment of 26º. The existence of such widely available materials increases significantly the prospects for applications of NLC.
First identified in tellurium in 1922 1 , negative linear compressibility (NLC) has long been considered to be confined to rare crystal phases and been the subject of little scientific or industrial interest. The recent discovery of materials and structures [2] [3] [4] [5] [6] [7] [8] displaying NLC suggest that this property is not as rare as previously considered and may lead to interesting developments. The main aim of this study is to re-examine previously published elastic properties and to identify NLC in common materials.
Materials that display unusual properties are currently the focus of a great deal of research interest: negative Poisson's ratio 9 structures for honeycomb sandwich cores and composites, negative thermal expansion 10 for satellite structures and microchip packaging, negative refractive index for optics 11 and negative stiffness 12 for earthquake proof buildings.
Compressibility describes the behaviour of a material or structure under pressure, positive (compressive) or negative (tensile). Volumetric compressibility defines the volume change in a material under applied hydrostatic pressure, whilst linear compressibility describes a change along a specified axis of a material. Negative linear compressibility occurs when a material behaves contrary to expectation by conventional elasticity theory under the application of hydrostatic pressure e.g. lengthening under hydrostatic compression, as shown in Figure 1 . As this unusual property may be accompanied by a corresponding large positive linear compressibility along another axis, this may lead to the situation where a material with entirely conventional volume compressibility has both a large positive and negative or zero compressibilities that are not captured by considering only the volume compressibility. 
where the are non-zero components from the compliance tensor written using Voigt's notation and the are the components of the unit vector . In direction 1, this reduces to 1 = (1 − 21 − 31 ) 1 ⁄ , which indicates that NLC is associated with large positive Poisson's ratio.
At this point, it is useful to comment on the relation between NLC and the related property of stretch densification highlighted by earlier studies 2 . For a start, it would be more accurate to compare negative linear expansivity and stretch densification. Many materials have the same elastic properties in tension and compression, but this is by no means generic, as exemplified by fibres and their composites. With this caveat in mind, it is sometimes easier to visualise stretch densification to elucidate mechanisms and discover candidate materials and applications.
Two main procedures can be used to identify NLC materials. The first one consists in calculating the linear compressibility in any direction from a full set of elastic constants obtained from experiments or calculations. We use the ElAM code 18 which automates the derivation of tensor based elastic properties from databases of elastic stiffness or compliances; two graphical examples are shown in Figure S1 19 . The second approach is more direct and consists in measuring the dimension change under pressure with X-ray or neutron diffraction. Usually, only lattice dimensions are measured, and off-axis LC which may be larger might be missed. The first method, from now referred to as elastic, is limited to the elastic limit and to small strain. The direct method reaches large strain, up to 5% for Ag 3 Table S2 19
. Out of the 38 materials in Table S2 , 13 had been identified by Baughman et al. 2 from the Landolt-Boernstein database 22 . Surprisingly, our methodology identifies 10 additional materials from this same database, most noticeably two with the triclinic crystal system, but also a common material, urea, which exhibits significant NLC at −36. (PVC) 24 , extruded poly-propylene (PP) 25 , machine paper 26 , black walnut 27 and carbon fibre composites 28 all exhibit NLC.
The mechanism responsible for NLC in these common materials can be understood by considering the wine rack model which is often invoked to explain NLC qualitatively, see for instance 6, 29 . Grima et al. 30 have used a hinged model to analytically derive LC expressions for honeycomb and wine-rack structures. In the next section, we develop an alternative wine-rack model based on beam theory in order to predict optimum geometry. As displayed in Figure. For carbon fibre composites this mechanism is present at the macro-scale due to the alignment of the high modulus carbon fibres within the matrix, potentially in both the in-plane and the through-thickness directions depending on the carbon fibre alignment. It leads to large NLC, as can be seen in Figure S3 for a stack of carbon fibre laminae oriented at 37 o .
In paper, this mechanism is present at the micro-scale where the paper fibres are given orientation by the rolling process used in their production. Depending on the fibre orientation imparted by the rolling process it may be possible to generate NLC in both the in-plane and through-thickness directions.
In PVC and PP the mechanism occurs at the nano-scale where the extrusion process results in imperfectly aligned polymer chains. In general, extruded polymers show a highly anisotropic linear compressibility, with a significantly reduced magnitude in the direction of extrusion due to the imperfect alignment in the polymer chains causing them to behave in a similar manner to the fibres in the carbon fibre composite and paper.
Considering these results it is clear that NLC is much more common than previously expected and may be found in a wide variety of materials, composites and structures which have a degree of orientation imparted by their production process. The mechanism responsible for NLC in these is very similar to the wine-rack observed in crystalline frameworks 7 . As such the understanding of this unusual property is more important than previously considered as it may already be commonplace in many engineering situations where a complete understanding of constituent material properties is essential.
Due to the constraint of using rare, single crystals, the applications of NLC suggested by previous studies (for instance but not exclusively In conclusion, this paper has identified several relatively common materials that display NLC. These materials are currently in use in real, "engineering" applications, which raises the prospect of application for NLC. We also present a simple 2D analytical model that describes well the underlying mechanism of NLC. Finally, several potential applications for NLC materials were discussed, which hopefully could lead to increased interest in the field from engineers and scientists working with practical applications as well as academics. 
